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SECTION  1 
INTRODUCTION 

Kapton polyimide  film  is  in  wide  use  as  a  high  tem¬ 
perature  electrical  wire  insulation  in  many  military  aircraft. 
Concern  has  been  raised  during  recent  years  that  this  type  of 
insulation  is  susceptible  to  hydrolytic  degradation,  leading 
to  cracks  in  the  insulation  which  can  give  rise  to  electrical 
malfunctions.  As  a  result  of  this  concern,  a  number  of 
investigations  have  been  conducted.  Some  of  these  studies 
have  dealt  with  insulated  wire  and  have  relied  on  changed 
in  resistivity  or  electrical  breakdown  as  a  measure  of 
degradation.  Other  investigations  have  been  concerned  with 
film  behavror,  relying  on  changes  in  film  tensile  strength  or 
elongation  to  measure  degradation. 

Three  previous  studies  of  the  hydrolysis  of  Kapton 
filrn^-^  developed  considerably  different  kinetic  degradation 
rate  parameters.  While  both  investigations  reported  that  plots 
of  retained  tensile  properties  as  a  function  of  exposure  time 
to  water  exhibited  asymptotes  after  appropriate  exposure 
periods  below  which  the  properties  did  not  fall,  they 
disagreed  on  both  the  level  of  the  asymptote  and  the  rate 
at  which  it  was  approached.  The  Grumman  results  indicated 
a  considerably  lower  initial  tensile  elongation,  a  con¬ 
siderably  lower  asymptotic  elongation  level,  and  a  considerably 
more  rapid  loss  of  exposure  time. 

One  purpose  of  this  investigation  was  to  generate 
mechanical  property  data  to  aid  the  Air  Force  in  assessing 
the  relative  seriousness  of  the  wire  insulation  problem. 
Secondly,  since  most  of  the  laboratory  data  regarding  Kapton 
film  hydrolysis  {and  accompanying  mechanical  property 
degradation)  was  obtained  by  exposing  the  film  to  boiling 
water  (100°C),  it  was  desired  to  determine  whether  the 


hydrolytic  degradation  at  lower  temperatures  could  be  represented 
by  the  standard  Arrhenius  type  relationship,  and  therefore  used 
to  estimate  degradation  times  at  other  temperatures. 


SECTION  2 

MATERIALS  AND  TEST  PROCEDURES 

2 . 1  MATERIALS 

All  of  the  material  tested  during  this  investigation 
was  supplied  by  DuPont.  It  consisted  of  two,  one-half  inch 
wide  slit  rolls  of  100H  Kapton  polyimide  film.  These  two 
rolls  represent  adjacent  slit  lanes  from  the  same  mill  roll 
(No.  00792).  The  film  was  0.001  inch  thick.  The  tensile 
behavior  of  this  film  is  very  sensitive  to  edge  defects 
such  as  nicks  or  tears. 

2.2  TENSILE  TEST  METHODS 

All  of  the  test  data  presented  in  this  report  represents 
the  results  of  room  temperature  tensile  tests  on  one-half 
inch  wide  Kapton  film.  The  tests  were  conducted  either  on 
as-received  unaged  film  or  on  film  aged  at  one  of  the  various 
exposure  conditions  and  tested  for  residual  strength. 

Each  specimen  tested,  both  baseline  and  after  exposure, 
was  five  inches  long  with  a  two-inch  gage  section  between 
grips.  Specimens  were  gripped  in  an  Instron  test  machine 
with  smooth  rubber  faced  pneumatic  grips  and  tested  at  a 
crosshead  speed  of  two  inches/minute.  Figure  1  illustrates 
a  tensile  specimen  in  the  Instron  grips.  Both  load  and 
crosshead  travel  were  recorded.  Tensile  strength  was 
calculated  on  the  basis  of  constant  specimen  cross-sectional 
dimensions  of  0.500  inch  wide  by  0.001  inch  thick.  Elonga¬ 
tion,  derived  from  crosshead  travel,  was  based  on  an  initial 
specimen  gage  length  of  two  inches. 

All  specimens  were  visually  inspected  for  edge 
defects,  and  while  very  few  edge  defects  were  apparent, 
only  specimens  with  defect  free  edges  were  used. 
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In  each  phase  of  the  program,  and  for  each  exposure 
time  within  each  phase,  a  sufficient  number  of  replicate 
tests  were  conducted  to  ensure  (with  , wo  exceptions  noted 
below)  that  twenty  good  individual  data  points  could  be 
included  in  an  average  value  for  that  particular  set  of 
test  parameters.  A  good  data  point  was  defined  as  one 
deriving  from  a  specimen  which,  when  tested  in  tension, 
did  not  fail  at  the  edge  of  the  grip  at  an  unusually  low 
load  and  elongation.  Thus,  a  good  data  point  would  result 
from  any  specimen  not  failing  at  a  grip  edge  or  from  a 
specimen  which  did  fail  at  a  grip  edge  but  at  a  load  or 
elongation  equal  to  or  above  the  average  for  ail  the 
other  replicate  samples  within  the  set. 

Generally,  the  entire  sample  set  for  any  one  set  of 
conditions  consisted  of  24-46  specimens.  The  first  twenty 
"good"  test  results  were  used  in  the  average  values  presented 
in  the  following  tables.  The  appendix  presents  tabulations  of 
the  complete  test  data. 

There  were  two  exceptions  to  the  above  statement  that 
at  least  twenty  "good"  data  points  are  incorporated  into 
each  average  value  presented  in  the  subsequent  sections. 

These  exceptions  were  for  the  stressed  agings  described  in 
Section  5.2.  In  each  case,  over  40  specimens  were  under 
test  at  the  beginning  of  the  stressed  exposure  period,  but 
so  many  failed  during  exposure  that  fewer  than  20  survived 
for  residual  strength  testing. 

2.3  EXPERIMENTAL  OUTLINE 

The  program  was  subdivided  to  form  different  work 
phases.  These  were  as  follows: 

(a)  Baseline  Control  Tests  on  Unaged  Film, 

(b)  Unstressed  Water  Immersion  Exposures, 

(c)  Stressed  Humidity  Exposures,  and 

(d)  Unstressed  Humidity-Ultraviolet  Exposures. 


The  baseline  test  phase  involved  the  generation  of  tensile 
data  on  unaged  Kapton  film,  while  the  other  three  involved 
various  environmental  exposure  conditions  followed  by 
residual  film  tensile  tests  for  comparison  to  the  baseline 
data.  Kach  of  those  are  described  in  more  detail  in 
Sections  3  and  4. 

2.4  THEORETICAL  BASIS  FOR  TREATMENT  OF  DATA 

Hydrolytic  degradation  has  been  investigated  for  a 
variety  of  different  types  of  polymeric  materials  and  the 
data  analyzed  kinetically.  Welch  and  Lofgreen ^  examined 
the  humidity  aging  of  elastomeric  potting  compounds  and 
determined  that  tha  reaction  (reversion)  rate  could  be 
satisfactorily  represented  as  a  first  order  reaction  with 
respect  to  water  vapor  concentration,  and  that  the  use  of 
the  Arrhenius  relationship  permitted  prediction  of  service 
life  (arbitrarily  defined)  for  different  temperatures. 

Berner [6]  studied  a  polyester  mat  and  a  polyester  polyurethane 
foam.  He  also  found  that  the  reaction  rate  was  a  first  order 
function  of  water  vapor  concentration  and  that  service  life 
could  be  predicted  from  accelerated  laboratory  tests  using 
the  Arrhenius  relationship. 

The  studies  cited  above  were  conducted  by  exposing  the 
polymeric  materials  to  a  matrix  of  environmental  conditions 
consisting  of  various  temperatures  and  relative  humidity 
levels.  In  analyzing  the  experimental  results,  the 
assumption  was  made  that  since  the  polymer  concentration 
was  the  same  in  all  of  the  different  exposure  conditions, 
it  could  be  treated  as  a  constant  in  the  rate  equation. 
Further,  the  assumption  was  made  that  the  reaction  rate 
was  constant  throughout  the  period  of  hydrolysis.  While 
this  assumption  is  reasonable  for  short  periods,  its  validity 
over  long  time  periods  is  questionable. 


In  this  investigation,  the  controlled  test  parameter 
was  exposure  temperature.  In  the  water  immersion  tests, 
the  water  concentration  external  to  the  specimens  was  constant. 
The  water  concentration  level  within  the  film  nay  depend  on 
immersion  temperature  and  is  probably  higher  for  the  higher 
immersion  temperatures  than  for  the  lower  temperatures. 

Germeraad  and  Cornelius ^4]  demonstrated  the  presence 
of  chemically  reactive  sites  in  Kapton  film  which  were 
susceptible  to  hydrolytic  attack  and  suggested  that  they 
were  the  result  of  incomplete  polyimide  cyclization  or 
the  presence  of  small  amounts  of  isoimide .  Thus,  a  variety 
of  different  types  of  chain  scission  sites  are  present  in 
Kapton  film,  each  in  its  o’’n  particular  concentration. 

Since  we  have  no  idea  which  type  of  site,  if  any,  pre¬ 
dominates,  nor  are  the  particular  kinetics  of  hydrolysis 
of  the  different  types  of  reactive  sites  known,  the  overall 
hydrolytic  degradation  rate  is  most  readily  considered  as 
some  sort  of  average  overall  reaction. 

The  hydrolysis  process  is  believed  to  consist  of  a 
period  of  diffusion  of  water  into  the  one  mil  thick  film 
until  an  equilibrium  absorbed  moisture  content  is  achieved. 
During  this  preequilibrium  period,  the  hydrolysis  reaction 
rate  is  probably  dependent  upon  both  the  water  concentration 
and  the  concentration  of  available  chain  scission  sites 
within  the  Kapton  film,  as  well  as  the  particular  kinetics 
for  each  type  of  available  chain  scission  site.  Once 
equilibrium  water  diffusion  into  the  film  is  achieved, 
the  water  concentration  within  the  film  becomes  constant, 
although  this  constant  level  may  be  dependent  upon  temperature 
In-house  studies  of  liquid  absorption  by  volyindde  film 
indicate  that  the  time  required  to  reach  equilibrium  diffusion 
is  negligible  in  comparison  to  the  length  of  time  over  which 
exposures  were  conducted  here.  Hence,  the  hydrolysis  reaction 
rate  becomes  essentially  a  function  only  of  the  concentration 
of  available  chain  scission  sites. 


Following  this  reasoning  and  utilizing  some  sort  of 
average  overall  reaction  as  representative  of  the  bulk  polyme 
behavior,  one  best  represents  the  reaction  rate  mathematical 1 
as : 

dc  o  c 

rs  =  "  -aT  =  ki  css  <1! 

who  re  : 

rs  «  average  rate  at  which  chain  scission  sites 
are  undergoing  hydrolytic  scission 
(scissions/hr) 

css  =  average  concentration  of  various  types  of 
chain  scission  sites  (sites/liter) 

kp  =  average  chain  scission  rate  constant, 
dependent  on  temperature 

n  =  average  order  of  the  reaction  with  respect 

to  the  various  types  of  chain  scission  sites. 

r  o  I 

Wallach1  *  has  presented  data  indicating  that  a  nearly 
linear  relationship  exists  between  tensile  strength  and 
elongation  and  molecular  weight  of  polyimide  over  the  range 
of  strength  and  elongation  changes  of  concern  in  this  progran 
Thus,  as  chain  scission  progresses  and  average  molecular 
weight  decreases,  tensile  properties  decrease  in  concert 
with  the  reaction  rate,  and  it  can  be  reasoned  that  the 
rate  of  change  of  the  film  tensile  properties  can  be 
described  by  an  equation  of  the  same  form  as  (1),  i.e., 

-  d-  =  k2  <UTS)n  (2) 

whe  re • 

UTS  =  ultimate  tensile  strength 

k.2  =  rate  constant  dependent  on  temperature 
[as  in  equation  (1) ] 


The  order  of  reaction  is  determined  most  easily  by 
integrating  equation  (2)  for  various  values  of  n,  fitting 
the  data  to  the  various  types  of  curves  which  result  and 
determining  which  fits  best.  A  zero  order  reaction  would 
yield  a  straierht  line.  A  first  order  reaction  yields  an 


exponential  decay  curve.  A  second  order  reaction  produces 
a  curve  with  the  same  general  shape  as  the  exponential 
decay  curve.  There  is  no  basis,  however,  for  the  hydrolysis 
reaction  to  be  higher  order  since  the  chain  scissions 
involve  the  breaking  of  a  single  bond  each.  Further, 
the  previous  work  cited  on  hydrolytic  degradation  of 
various  types  of  polymers  found  that  the  reactions  were 
always  first  order.  The  experimental  data  obtained  in  this 
investigation  was  fitted  to  the  equations  which  result  for 
n  =  0,  1,  and  2,  and  it  was  found  that  the  exponential 
decay  form  for  n  =  1  did  indeed  provide  the  best  fit.  Thus, 
integration  of  equation  (2)  for  n  =  1  yields 


/  -  /  k2at 


In ( UTS)  =  k2t  +  c 


whe  re : 


c  =  constant  of  integration. 


In  exponential  form. 


whe  re : 


=  A.  e~k2t  =  n,e"k2t 


c '  -  UTS  when  t  =  0 . 

Thus,  all  of  the  residual  tensile  strength  and  elonga¬ 
tion  data  obtained  for  the  various  exposure  conditions 
during  this  program  have  been  fitted  to  exponential  decay 
curves.  These  curves  are  plotted  along  with  the  experimental 
data  in  the  subsequent  figures. 

A  "lifetime"  for  each  exposure  condition  was  defined 
as  that  time  at  which  the  residual  tensile  strength  and 
elongation  fell  below  80%  and  50%,  respectively,  of  the 
original  baseline  values.  These  two  lifetimes  occurred  at 
about,  but  not  exactly  at,  the  same  aging  time.  These  life¬ 
times  were  correlated  with  temperature  using  the  Arrhenius 
relationship.  Thus,  from  equation  (3): 


UTS*  =  UTS0  e 


-k2t^ 


UTS*  _  -k2t* 

UTSj  ~  6 

whe  re : 

t*  =  aging  time  required  for  residual  tensile 
strength  or  elongation  to  fall  to  80%  or 
50%,  respectively,  of  initial  value. 

UTSQ  =  original  ultimate  tensile  strength  at  t  =  0 

UTS*  -  ultimate  tensile  strength  when  t  =  t* 

UTS  * 

for  rfmc"  =0*8  (definition  of  lifetime) 

U  ItjQ 

9  t  ♦ 

e  =  0.8,  or  m  logarithmic  form 

-k2t*  =  In  0.8  =  -0.22314  (4) 

where  *  indicates  values  when  lifetime  is  reached,  as: 
UTS*  =0.8  UTS0,  t*  =  time  for  UTS  to  decay  to  UTS*. 

From  the  Arrhenius  relationship 


: 2  =  Ae 


-Ea/RT 


whe  re : 


A  =  frequency  factor 
Ea  =  activation  energy 
R  =  gas  constant 
T  =  temperature  (absolute) . 

Combining  equations  (4)  and  (5) , 


-E,/RT 


t*  =  -0.22314 


Logarithmically, 


_  ,0.22 314, eEa/RT 
t*  =  ( - 5 - ) 


,  ,  ,0.22314,  , 

log  t*  =  log  ( - - - )  + 


2.3  RT 


•  1  »  'i  a, 


*i  'd  *~  '  ii  jXI  jlI.  lii.'!'  ..'1.  ^  i  ^  ^ 


For  the  water  immersion  tests  the  log  of  the  lifetime 
was  plotted  against  the  reciprocal  temperature,  and  excellent 
linearity  was  obtained.  These  plots  are  presented  and  dis¬ 
cussed  in  Sections  4-6. 


SECT rON  3 

BASELINE  CONTROL  TESTS 


Baseline  tensile  tests  were  conducted  on  each  of 


the  two  rolls  of  Kapton  film  supplied  by  DuPont. 

Although  tensile  tests  were  conducted  on  both  rolls 
of  film  received  from  DuPont,  since  all  specimens  used 
throughout  the  program  were  taken  from  the  roll  designated 
"C",  the  tensile  properties  for  this  roll  were  used  as  the 
baseline  reference  values  for  all  residual  property  tests. 


Table  1  presents  the  as-received  tensile  properties 
of  each  roll  of  Kapton  film  along  with  data  obtained  and 
supplied  by  DuPont  for  samples  taken  from  the.  same  mill 
roll  but  from  adjacent  slit  lanes. 


It  is  apparent  that  there  is  excellent  agreement 
between  UDRI  and  DuPont  measurements  of  tensile  strength, 
with  all  six  values  in  Table  1  falling  within  5%  of  the 
overall  average  of  34,200  psi  (236  MPa).  Tensile  elonga¬ 
tion  data  on  the  other  hand  exhibits  some  inexplicable 
disparities.  The  UDRI  results  are  markedly  lower  than  the 
DuPont  values.  The  overall  DuPont  average  elongation  of 
67.9%  is  about  25%  higher  than  the  overall  UDRI  average 
value  of  53.6%.  While  tl  i  reason  for  this  discrepancy 
is  uncertain,  it  is  probably  due  to  a  difference  in 
procedure  or  interpretation.  Since  all  of  our  results 
will  be  referenced  to  the  baseline  values  as  a  percent- 
of-original,  and  the  same  procedures  and  methods  of 
interpretation  will  be  common  to  all  data,  it  was  not 
felt  that  the  exact  reason  for  the  UDRI-DuPont  elongation 
differences  was  worth  pursuing. 


SECTION  4 


UNSTRESSED  WATER  IMMERSION  EXPOSURES 

4.1  EXPOSURE  AND  TEST  PROCEDURE 

Unstressed  water  immersion  tests  were  conducted  at 
six  different  temperatures  ranging  from  50°C  to  100°C. 

Long,  continuous  strips  of  Kapton  film  were  taken  from 
roll  "C"  and  loosely  wound,  along  with  a  continuous  strip 
of  fiberglass  fabric,  into  a  spool.  The  glass  fabric 
served  as  a  separator  strip  to  ensure  that  water  penetrated 
between  each  wrap  of  the  film.  This  film- fiberglass  spool 
is  illustrated  in  Figure  2.  This  spool  was  placed  in  a 
beaker  and  covered  with  deionized  water.  The  beaker  was 
covered  and  placed  in  a  circulating  air  oven  at  the  desired 
exposure  temperature.  Oven  temperature  was  monitored  daily 
by  multiple  indicators  to  ensure  proper  control. 

After  prescribed  aging  periods,  the  beaker  was  removed 
from  the  oven,  and  residual  tensile  tests  were  conducted. 
Individual  specimens  were  cut  from  the  film  spool  with  scissors 
and  tested  immediately.  Between  tests,  the  film  spool  was 
returned  to  the  water  filled  beaker  at  room  temperature  to 
prevent  dryout. 

4.2  DISCUSSION  OF  RESULTS 

Table  2  indicates  the  time-temperature  test  matrix 
followed  for  all  of  the  various  types  of  exposures  discussed 
in  Section  3  through  4  and  also  presents  the  results 
obtained.  Figures  3  and  4  present  the  plots  of  residual 
strength  and  elongation  as  functions  of  immersion  time 
at  the  various  exposure  temperatures.  As  discussed  in 
Section  2.4,  least  square  fits  of  the  data  to  exponential 
decay  curves  are  also  drawn  in  and  the  lifetime  identified 
for  each  temperature. 
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100°C  WATER  IMMERSION  AGINGS 
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The  effect  of  temperature  upon  the  hydrolytic  degradation 
of  Kapton  film  is  illustrated  in  Figures  5  and  6,  where  the 
Arrhenius  relationship  between  lifetime  (as  defined  here) 
and  temperature  is  plotted.  Figures  5  and  6  include  data 
from  references  2  and  3.  It  is  apparent  from  the  excellent 
linearity  of  the  data  that  the  Arrhenius  relationship  well 
represents  the  hydrolysis  reaction  of  Kapton  film  over 
the  temperature  range  of  50-100°C,  and  could  probably  be 
used  to  estimate  lifetime  at  temperatures  somewhat  lower  than 
these  limits  with  reasonable  confidence. 


(Sinoq)  3WI1 


se  in  Tensile  Elongation) 


SECTION  5 

stressed  humidity  exposures 

5.1  EXPOSURE  AND  TEST  PROCEDURE 

Stressed  humidity  exposures  wore  conducted  at  two 
different  temperatures,  75 °C  (167°F)  and  85°C  (185°F). 

All  of  the  exposures  were  at  95-100%  relative  humidity 
(RH)  and  all  of  the  specimens  were  under  5000  psi 
(34.5  MPa)  stress  throughout  the  prescribed  exposure 
periods.  Twenty  inch  strips  of  Kapton  film  were  gripped  and 
loaded  as  shown  in  Figure  7  during  the  exposures. 

The  humidity  cabinet  housing  the  specimens  was 
checked  daily  for  broken  specimens.  Subject  to  space 
limitations  within  the  humidity  cabinets,  about  forty 
to  fi fty  specimens  were  started  for  each  prescribed 
combination  of  time  and  temperature.  At  the  shorter 
aging  times,  a  sufficient  number  of  specimens  survived 
to  provide  an  average  residual  strength  value  based  on 
twenty  "good"  tensile  tests  (the  definition  of  a  "good" 
failure  was  presented  in  Section  2.2).  At  the  longer 
aging  times,  so  many  specimens  broke  before  completion 
of  the  aging  period  that  average  residual  strength  values 
had  to  be  based  on  less  than  twenty  tests.  The  times  at 
which  each  aging  failure  occurred  were  recorded  but  are 
not  presented  or  discussed  here. 

5.2  DISCUSSION  OF  RESULTS 

The  residual  property  data  obtained  for  these  stressed- 
humidity  exposures  are  presented  in  Table  2.  Figures  8 
and  9  illustrate  these  results  graphically  and  also 
include  the  results  for  the  unstressed  water  immersion 
exposures  conducted  at  the  same  temperatures.  It  is 
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•  STRESSED  @  5000  psi  EXPOSED  85°C,  95-100%  R.H. 
■  STRESSED  @  5000  psi  EXPOSED  75°C,  95-100%  R.H. 
O  UNSTRESSED  @  85°C  IN  WATER 
X  a  UNSTRESSED  @  75°C  IN  WATER 


Figure  8.  Effect  of  Stressed  vs.  Unstressed  Environmental  Aging  on  Tensile 
Strength  Retention  of  Kapton  Film. 


•  STRESSED  §  5000  psi  EXPOSED  85°C,  95-100  R.H. 
■  STRESSED  @  5000  psi  EXPOSED  75°C,  95-100  R.H. 
O  UNSTRESSED  @  85°C  IN  WATER 
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Figure  9.  Effect  of  Stressed  vs.  Unstressed  Environmental  Aging  on 
Retention  of  Tensile  Elongation  of  Kapton  Film. 


apparent  that  the  property  degradation  of  the  stressed- 
humidity  specimens  occur  more  rapidly  than  the  unstressed 
water  immersion  specimens.  The  lifetimes  (as  defined 
previously)  of  the  s tressed-humidity  specimens  are  only 
50-75%  (depending  on  whether  strength  or  elongation  loss 
is  compared;  of  the  unstressed  water  immersion  lifetimes 
for  equivalent  temperatures.  Figures  10  and  11  illustrate 
the  position  of  the  s tressed-humidity  data  relative  to 
the  unstressed  water  immersion  data  on  an  Arrhenius  plot. 

It  can  be  seen  from  this  figure  that  the  acceleration  in  the 
rate  of  hydrolytic  degradation  observed  in  the  s tressed- 
humidity  condition  is  equal  to  that  which  would  be  caused 
by  an  increase  of  about  10 °C  in  the  unstressed  water 
immersion  condition.  Since  the  slope  produced  by  the  two 
s tressed-humidity  points  is  equivalent  to  that  exhibited 
by  the  water  immersion  data,  it  can  be  concluded  that  the 
effect  of  temperature  on  the  hydrolysis  reaction  rate  is 
unaffected  by  the  presence  of  mechanical  stress  or  by  the 
concentration  of  the  water  in  the  exposure  environment. 

This  latter  observation  is  probably  due  to  the  fact 
that  the  reaction  rate  depends  upon  absorbed  moisture 
concentration,  and  at  equivalent  temperatures,  the  equi¬ 
librium  absorbed  moisture  content  is  equivalent  for  a 
water  immersion  or  condensing  humidity  environment;  the 
difference  being  reflected  only  in  the  relative  length 
of  time  required  to  reach  the  equilibrium  absorbed  moisture 
content. 
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SECTION  6 


UNSTRESSED  HUMIDITY-ULTRAVIOLET  EXPOSURES 

6.1  EXPOSURE  AND  TEST  PROCEDURE 

Unstressed  humidity-ultraviolet  exposures  were 
conducted  in  a  QUV  Accelerated  Weathering  Tester.  This 
apparatus  can  be  programmed  to  provide  a  24  hour  cycle 
comprised  of  any  desired  ratio  of  alternating  ultra¬ 
violet  (UV)  light  irradiation  and  condensation.  The 
exposures  conducted  during  this  investigation  utilized 
a  4  hour  condensation  -  8  hour  UV  cycle.  The  tem¬ 
perature  throughout  the  8-hour  UV  cycle  was  maintained 
between  50°C  and  55°C  (122°F  and  131°F),  except  for  the 
first  1/4-hour,  during  which  time  the  temperature  fell 
from  the  56-62°C  range  (134-43 °F)  to  the  equilibrium 
range.  When  the  UV  cycle  ends  and  ^he  condensation 
cycle  starts,  the  temperature  uecit.  seu  over  a  1/2- 
hour  period  to  about  41°C  (105°F),  then  recovered  over 
a  1  1/2-hour  period  to  between  56°C  and  62°C  (134°F  and 
143 °F) ,  where  it  remained  for  the  remaining  2  hours  of 
the  4  hour  cycle.  Figure  12  illustrates  a  typical  24 
hour  QUV  temperature  record.  Figure  1 3  illustrates  the  QUV 
test  cabinet  and  specimen  exposure  arrangment. 

6.2  DISCUSSION  OF  THE  RESULTS 

The  residual  property  data  for  the  QUV  exposed 
specimens  is  presented  in  Table  2  and  illustrated  in 
Figures  14  and  15  ,  alongside  the  results  for  the  un¬ 
stressed  water  immersion  specimens  exposed  at  60°C. 

It  is  readily  noted  that  the  property  degradation  of  the 
Kapton  film  occurs  much  more  rapidly  in  the  cyclic  QUV 
exposure  environment  then  in  a  water  immersion  environ¬ 
ment  at  an  equivalent  or  slightly  higher  temperature. 
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ROOM  AIR  COOLING 


(b)  Mounting  of  Kapton  Film  Strips  on  Test  Specimen  Rack  in 
QUV  Cabinet, 


Figure  13.  QUV  Accelerated  Weathering  Test  Cabinet 
and  Specimen  Arrangement. 
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UNSTRESSED  EXPOSURE  @  60oC  IN  WATER 
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AGING  TIME  (hrs) 

Figure  14.  Effect  of  Unstressed  Environmental  Aging  @  60  °C  in  Water  vs.  Cyclic 
Wet/Dry  QUV  Exposure  @  55-60 °C  on  Retention  of  Tensile  Strength  of 
Kapton  Film. 


1000'  2000  3000  4000  5000 

AGING  TIME  (hrs) 

Figure  15.  Effect  of  Unstressed  Environmental  Aging  @  60°C  in  Water  vs.  Cyclic  Wet/Dry 
QUV  Exposure  @  55-60 °C  on  Retention  of  Tensile  Elongation  of  Kapton  Film. 


The  "lifetime"  of  the  QUV  specimens  is  less  than  1/3  that  of 
the  comparable  water  immersion  specimens. 

Figures  16  and  17  illustrate  the  position  of  the  QUV 
(plotted  at  T  =  60 °C)  data  relative  to  the  unstressed  water 
immersion  data  and  the  stressed  humidity  data  on  an  Arrhenius 
plot.  It  is  apparent  from  these  figures  that  the  rate  of 
degradation  observed  in  the  cyclic  UV-humidity  condition  is 
approximately  equivalent  to  that  which  would  occur  at  80 °C 
in  the  unstressed  water  condition.  Since  1/3  of  the  QUV 
condition  is  simply  condensing  humidity  at  60 °C,  it  can  be 
concluded  that  the  acceleration  in  the  QUV  degradation  rate 
is  due  to  the  dry  ultraviolet  portion  of  the  cycle,  during  which 
time  the  temperature  ranges  between  50  and  55 °C. 


TEMPERATURE 


Figure  17.  Effect  of  Temperature  Upon  Lifetime  (50 %  Decrease  in  Tensile 
Elongation)  of  Kapton  Film. 


SECTION  7 
CONCLUSIONS 


Kapton  type  H  film  undergoes  hydrolytic  degradation  at 
a  rate  which  was  found  to  be  very  well  correlated  to  tem¬ 
perature  by  the  Arrhenius  relationship.  Data  from  three 
previous  studies t^-4]  were  examined  and  compared  to  that 
generated  in  this  investigation.  The  rates  of  degradation 
determined  in  one  of  these  prior  studies  were  found  to  dis¬ 
agree  considerably  in  magnitude  from  those  found  in  the 
other  two.  The  results  obtained  in  this  investigation 
agreed  rather  well  with  the  latter  two.  A  similar  tem¬ 
perature  dependency  was  found  for  both  the  results  obtained 
here  and  those  which  exhibited  the  considerably  different 
degradation  rates. 

While  the  hydrolytic  degradation  mechanism  is  not  fully 
known  and  can  involve  a  number  of  different  degradation  routes, 
the  residual  tensile  strength  and  elongation  were  found  to  be 
best  represented  mathematically  by  an  exponential  decay 
function  of  time  (first  order  reaction  kinetics) . 

While  the  temperature  range  over  which  this  data  was 
generated  was  50°C  to  100°C,  the  excellent  linearity  of  the 
Arrhenius  relationship  would  indicate  that  it  should  be 
possible  to  extrapolate  the  relationship  for  limited 
distances  with  reasonable  confidence. 

The  rate  of  degradation  of  Kapton  H  film  was  found  to 
be  accelerated  by  the  imposition  of  a  5,000  psi  (34.5  MPa) 
tensile  stress  on  the  film  during  humid  aging.  It  was  also 
found  that  the  effect  of  temperature  (over  the  limited  tem¬ 
perature  range  examined)  on  degradation  rate  of  the  stressed 
exposures  was  the  same  as  that  observed  for  the  unstressed 


The  rate  of  degradation  of  Kapton  II  film  was  found 
to  be  significantly  accelerated  by  a  cyclic  ultraviolet- 
humidity  exposure.  This  acceleration  was  due  to  the  ultra 
violet  portion  of  the  exposure  cycle. 
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APPENDIX 


COMPLETE  TEST  DATA 

Tables  A . 1  through  A. 10  presents  the  complete  tensile 
test  data  obtained  during  this  program.  Values  labeled  N.G. 
represent  specimens  which  failed  at  the  grip  edge  during 
tensile  testing  and  which  produced  strength  or  elongation 
values  lower  than  the  average  values. 

Table  A. 11  presents  tensile  data  presented  by  DuPont 
from  the  same  mill  roll  as  that  from  which  all  our  specimens 
came . 

The  average  values  presented  at  the  bottom  of  each 
column  of  data  in  these  tables  are  summarized  in  the  text. 


CONTROL  PROPERTIES  OF  UNAGED  KAPTON  FILM 


RESIDUAL  PROPERTIES  OF  KAPTON  FILM  AFTER  WATER  IMMERSION  AT  100=0 


RESIDUAL  PROPERTIES  OF  KAPTON  FILM  AFTER  WATER  IMMERS 


31.0  45  .q _  23.7  37  . 


RESIDUAL  PROPERTIES  OF  KAPTON  FILM  AFTER  WATER  IMMERSION  AT  50 °C 
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200  ft ■  further  into 
Each  roll  represents 
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